Introduction
The development of polyamide analogs of distamycin 1 (Figure 1 ) that can target specific DNA sequences is a fascinating and well documented area of research. Such compounds exhibit potential for use as gene regulatory agents by inhibiting the binding of native transcription factors at the target promoter site, and are being investigated as potential medicinal agents for treating diseases including cancer [1] . The pyrrole (Py) heterocyclic moieties in distamycin stack as a 2:1 antiparallel dimer in the DNA minor groove and can bind indiscriminately to an A/T or a T/A base pair [2a-d] . Alternatively, an imidazole (Im) heterocycle moiety can be paired opposite a pyrrole to selectively target a G/C base pair [2d] . In addition, 3-hydroxy-1H-pyrrole (Hp) has been paired opposite Py and shown to selectively target T/A base pairs but with a significant loss in binding affinity. This could possibly attribute to a handful of factors ranging from sterics to chemical instability [3a-c] . The bulky hydroxyl group on an Hp containing polyamide (which forms an additional hydrogen bond to the O-2 group of thymine), makes the 2:1 complex formed in the minor groove sterically encumbered leading to unfavorable binding. Accordingly the additional hydrogen bonding to thymine O-2 could be critical for distinguishing A/T from T/A.
We envisaged that a polyamide containing a reversed conformation Py moiety [Py(H) or 2,5-linked N-methylpyrrole-2-carboxamide] stacked over a polyamide containing Py [Py(H)/Py] may recognize a T/A base pair. In addition, it has been reported that the N-H group on this Py(H) moiety should form a more favorable Van der Waals distance with thymine thus resulting in enhanced binding affinity [4] . In an attempt to test this hypothesis, we chose to synthesize two polyamides PyPyPyPy(H)-N-dimethyl-3-aminopropylamine 2 and ImPyPyPy(H)-N-dimethyl-3-aminopropylamine 3 (Figure 1 ). We chose to incorporate only one Py(H) moiety into each of these polyamides as previous studies have shown that incorporation of multiple 2,5-linked [3a] or 2,4-linked Py(H) [4a] units may result in a loss in sequence specificity, thus allowing for an increased tolerance of G/C base recognition [4a] . Even though polyamides bind DNA effectively through the 2:1 stacked motif, they are also known to bind in a 1:1 fashion within the minor groove of DNA [4b] .
Results and Discussion
Polyamide and DNA sequence design Two tetraheterocyclic polyamides (tetraamides) 2 and 3 were synthesized to study the binding preference for stacked Py(H)/heterocycle pairings (Figure 2 ). These tetraamides contain one of two different terminal pairing motifs: -ImPy-and -PyPy-, which are the best pyrrole and imidazole containing terminal pairings in terms of binding affinity to Watson and Crick sequences [3d] . Two of the DNA sequences tested for these studies (AT_10 and TA_10) were designed such that the specificity of a Py/Py-H for a TA base pair could be assessed relative to that for an AT base pair. In addition, we were also interested to ascertain whether a stacked Py-H/Im would exhibit any selectivity for CG or GC base pairs to potentially uncover any new pairing rules. In addition, two additional sequences CG_10 and GC_10 ( Figure 2 ) were included in the study. The binding of 2 and 3 against the 10 base pair sequences ACGCGT (Figure 2 ) was also undertaken. This sequence is of significant interest for drug design and discovery due to it's G/C richness and presence in the core sequence of the Mlul cell-cycle box (MCB) transcriptional element indirectly implicated in the development of various cancers [5, 6, 7] .
Synthesis
The synthetic approach towards obtaining polyamides 2 and 3 is outlined in Scheme 1.
Nitration of 4 furnished 4-nitro-2-trichloroacetylpyrrole 5 in good yield, which in turn, was coupled with commercially available N,N-dimethyl-3-aminopropylamine in the presence triethylamine to furnish the monoheterocyclic component 6 [8] . This was followed by subsequent reduction of 6 using standard palladium catalyzed hydrogenation [9] to the resulting amino derivative (not shown) followed by immediate coupling to 4-nitro-1-methylpyrrole-2-carbonyl chloride 7 (formed from the corresponding carboxylic acid). The resulting diamide (O 2 N-PyPy(H)-N-dimethyl-3-aminopropylamine, 8), formed in 22% yield was, in turn, coupled to another molecule of 4-nitro-1-methylpyrrole-2-carbonyl chloride 7 using the protocol described, to furnish the corresponding triamide (O 2 N-PyPyPy(H)-tail 9 in 39% yield (Scheme 1). At this point, we attempted to couple the relevant terminal heterocycle by forming the acid chloride of the relevant commercially available carboxylic acid (10, Scheme 1) and coupling this with the reduced amine form (Schotten-Baumann coupling) of 9 (formed by palladium catalyzed reduction in methanol) to give the final tetraamide 2 in 28% yield (Scheme 1). However, this did not seem to be the case for the formation of the tetraamide 3 due to low yields. An alternative set of coupling conditions utilizing the lithium salt 11 of imidazole-2-carboxylic acid [10] with benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBop) and N,Ndiisopropyl-N-ethylamine (DiPEA) in dry DCM (Scheme 1), furnished tetraamide 3 in an improved yield. In general, one of the reasons for the low yields of these tetraamides and their tri-and diamide precursors, can be attributed to the instability of the amine intermediates [11] as well as the reactivity of the pyrrole and imidazole acid chlorides.
Thermal melting studies
Thermal melting studies were conducted to determine whether polyamides 2 and 3 stabilize duplex DNA at elevated temperatures. The data shown in Table 1 indicates that polyamide 2 can only produce a ΔT M value of 3°C for the AT_10 sequence. TA_10, CG_10 and GC_10 did not increase the melting temperature in the presence of tetraamide 2. On the other hand polyamide 3 exhibits some stabilization on sequences AT_10, TA_10 and GC_10 giving ΔT M values of 2, 2 and 3°C, respectively but did not induce a ΔT M for CG_10.
Circular dichroism studies
Circular dichroism studies (the ability of chiral molecules to absorb circularly polarized light: the DNA/polyamide complex is chiral due to the DNA's inherent chirality) were performed on PyPyPyPy(H)-N-dimethyl-3-aminopropylamine 2 and 3 ImPyPyPy(H)-Ndimethyl-3-aminopropylamine on the same DNA sequences used in the thermal denaturation studies (Figure 3) . The results shown in Figure 3 for 3 confirm that it binds within the floor of the minor groove of the DNAs tested due to the appearance of an induced band at 330 nm [12] .
The results also indicate that polyamide 2 gave weaker induced CD bands than 3 when titrated into solutions of the DNAs mentioned. Except for AT_10, the results were in agreement with the thermal denaturation data shown in Table 1 . However, as depicted in Figure 3 polyamide 2 produced clear DNA induced ligand bands when titrated into solutions of AT_10 and TA_10 suggesting a limited preference of Py/Py(H) for an AT or TA base pair. The most impressive result was achieved when polyamide 3 was titrated into a solution of GC_10 with near-saturation being achieved after addition of two equivalents of 3, further corroborated by a ΔT M value of 3 °C. In addition, the appearance of a clear isodichroic point provides evidence that binding is occurring via a single motif characteristic of a typical DNA minor groove binder. It is interesting to note that, though a ΔT M value of 0°C was observed for polyamide 3 when titrated into a solution of CG_10 (Table 1) , a significant amount of binding is observed in the CD study ( Figure   3 ) in turn, suggesting binding of 3 to this DNA sequence is possibly thermodynamically less favorable than when binding to GC_10.
DNase I footprinting
DNase I footprinting experiments were performed on 2 and 3 using a 131 bp 5`- Table 1 ). In addition, enhanced cleavage appears to occur at the locations close to the AT_10 site. Enhanced cleavage sites have been reported for binding of polyamides to DNA [13] .
Surface Plasmon Resonance
To obtain a more accurate measure of binding affinity, selectivity and to probe the stoichiometry of binding, SPR-biosensor experiments were performed. As described in the Methods Section, the biotin-labeled GC_10, AT_10 and TA_10 DNA hairpin duplexes were immobilized by streptavidin capture in three of the four flow cells. The fourth was left blank and used as a control. Compounds 2 and 3 were then injected over the DNA and blank flow cells at a range of concentrations. From the sensorgrams in Figure 5 , it can be observed that 3 shows good selectivity for GC_10. The kinetics are relatively fast and all of the sensorgrams reach a steady state plateau below 200 s. Binding constants were determined by plotting the steady state RU values, determined by averaging over a 10 s time period in the steady state region, versus the compound concentration and fitting with either a one or two site binding model (Methods Section). Compound 3 binds strongly to GC_10 (K= 2 × 10but shows weaker binding towards AT_10 by 10-fold (K= 2 × 10 5 M -1 ) with the data best fitting a 1:1 stoichiometry. Very weak binding was observed for 3 with TA_10 and the stoichiometry could not be determined. Binding constants were determined by the same procedure for the pyrrole compound, 2. It also has fast kinetics and shows selectivity for AT base pair sequences.
Compound 2 shows significantly stronger binding to AT_10 than to TA_10 with the best fit to a 1:1 binding model in both cases (Table 1) and shows very weak binding to GC_10.
Conclusion
Overall, this study has shown that, polyamide 2 containing the Py/Py(H) pairing, displays weaker binding than expected to its cognate sequences. The results do show sequence selectivity (towards AT_10), in agreement with its predicted specificity, but with a lack of marked binding affinity. However, it prefers to avoid a G/C base pair, as ascertained by SPR, DNase I footprinting and thermal melting techniques. On the other hand, 3, which contains an Im/Py(H) pairing, prefers a G/C or C/G base pair. For these reasons, we believe that additional polyamides related to 2 and 3 are worthy of further investigation.
Experimental
Solvents and organic reagents were purchased from Aldrich or Fisher, and in most cases were used without further purification. DCM (P 2 O 5 ), and DMF (BaO) were distilled prior to use.
Melting points (mp) were performed using a Mel-temp instrument and are uncorrected. Infrared (IR) spectra were recorded using a FT-IR instrument as films on NaCl discs. 1 H-NMR spectra were obtained using a Varian Unity Inova 400 instrument. Chemical shifts (δ) are reported at 20 °C in parts per million (ppm) downfield using tetramethylsilane (Me 4 Si) as an internal standard.
High-resolution mass spectra (HRMS) and low-resolution mass spectra (LRMS) were provided by the Mass Spectrometry Laboratory, University of South Carolina, Columbia. Reaction progress was assessed by thin-layer chromatography (TLC) using Merck silica gel (60 F 254 ) on aluminum plates unless otherwise stated. Visualization was achieved with UV light at 254 nm and/or 366 nm, I 2 vapor staining and ninhydrin spray. O 2 N-Py(H)-CCl 3 (500 mg, 1.95 mmol) was dissolved in dry CH 2 Cl 2 (60 mL) and triethylamine (0.41 mL, 2.93 mmol), N,N-dimethyl-3-aminopropylamine (0.37 mL, 2.93 mmol) was added and the reaction mixture was heated at reflux for ~18 h. The reaction was quenched with water (50 ml) and the resulting aqueous basified to pH 10 was and the organic layer was collected. The aqueous was extracted with CHCl 2 (2 × 40 mL). The combined organic layers were dried over Na 2 SO 4 and evaporated to dryness. The crude product was purified using flash chromatography on silica gel eluting with to yield 6 as an orange/yellow solid (300 mg, 68%); R F 0.46 (silica gel, 40:39.5:0. 
O 2 N-Py-Py-Py(H) N,N-dimethyl-3-aminopropylamine 9
In the same way as for 8, O 2 N-Py-Py(H)-N-dimethyl-3-aminopropylamine 8 (67 mg, 0.184 mmol), 5% Pd/C (35 mg, 50% by wt.) and cold MeOH (40 mL) gave the corresponding amine as a yellow oil. Also in the same way as 8, NO 2 -Py-COCl 7 (from NO 2 -Py-COOH, 37 mg, 0.22 mmol and 3) and dry triethylamine (0.03 ml, 0.22 mmol) gave crude 9 which was purified using flash chromatography eluting in to yield 9 as a yellow/brown solid ( 
7.2); LRMS: (ES + ) m/z (rel. intensity) 485 ([M+H], 100%), 377 (20%).

Py-Py-Py-Py(H) N,N-dimethyl-3-aminopropylamine 2
In the same way as for the method stated in for the reduction of 8 and coupling of the resultant amine, O 2 N-Py-Py-Py(H)-N-dimethyl-3-aminopropylamine 9 (75 mg, 0.155 mmol), 5% Pd/C (40 mg, 50% by wt) and cold MeOH (8 mL) gave the resultant amine as a orange/yellow oil. The amine from 11, Py-COCl 10 (from 39 mg, 0.309 mmol) pyrrole-2-carboxylic acid and dry triethylamine (0.04 mL, 0.30 mmol) gave a crude product was purified using flash chromatography to yield 2 as an orange solid (25 mg, 28%), m. 
Im-Py-Py-Py(H) N,N-dimethyl-3-aminopropylamine 3
The reduction of 9 was achieved by following the same protocol as stated in for 8 using the following: O 2 N-Py-Py-Py(H)-tail 9 (75 mg, 0.155 mmol), 5%Pd/C (40 mg, 50% by wt.) and cold MeOH (65 mL). The lithiated salt of 1 methylimidazole-2-carboxylic acid 11, from 39 mg, 0.309 mmol 1-methylimidazole-2 carboxylic acid) and PyBOP (39 mg, 0.309 mmol) were dissolved in dry DCM (10 mL) under argon. DiPEA (0.084 mL, 0.33 mmol) was added to the solution and the reaction mixture was stirred at 50 ºC for 3 days. A basic aqueous work-up was performed (similar to that of described previously and the organic layer collected, dried over (Na 2 SO 4 ) and evaporated to dryness. The crude product was purified using flash-column chromatography to yield 3 as a yellow solid (15 mg 
Biophysical
All buffer reagents were obtained from Sigma-Aldrich or Fisher, and used without further purification unless stated otherwise. The synthetic oligonucleotides were obtained from Operon (5'-GC-3'); 5'-CC AGATCT CC CTCTGG AGATCT GG were used in the thermal denaturation and circular dichroism experiments without further purification. DNA used in the footprinting and SPR experiments are described below. CD data was obtained using an Olis DSM20 instrument. ΔT M data were obtained using a Varian-Cary 100 Biomelt UV-visible spectrophotometer, equipped with a Peltier temperature controller and a precision cuvettemounted temperature probe. Phosphate buffer: PO 4 0 (10 mM sodium phosphate, 1mM EDTA, pH 6.4) was used for CD and T m experiments. All data were analyzed using KaleidaGraph (Snergy Software, Reading PA), unless otherwise stated. Ligand stock solutions were prepared in double distilled water at a concentration of 0.5 mM, unless otherwise specified.
Circular dichroism (CD)
CD studies were performed using previously reported procedures [14b,f] and were conducted at ambient temperature in a 1-mm pathlength quartz cell using PO 4 0 buffer. Buffer and stock DNA were added to the cuvette to give a final DNA concentration of 9 µM. Each polyamide (in 500µL in double distilled) H 2 O was titrated in 1 molar equivalents into the relevant DNA (160 µL of 9 µM DNA) until saturation was achieved. Each run was performed over 400-220 nm. The CD response at the λ max of the induced peak was plotted against the mole ratio of ligand:DNA.
Thermal denaturation (ΔT M )
Thermal denaturation studies were performed using published procedures This was achieved by continuously injecting ~ 20 µL of an approximately 50 nM DNA solution at a rate of 2 µL/min onto the sensor chip surface until a relative response of 400 units was reached. Binding data was obtained by injecting known concentrations and were analyzed with one or two site binding models as previously described [14] .
DNase I Footprinting Studies
The designed DNA fragment was amplified by using PCR as follows. The forward primer 5'-GTCGGTTAGGAGAGCTCCACTTG-3' (4 pmol) was 5' 32 P end-labeled with [γ-32 P] ATP using T4 kinase (Invitrogen) following standard protocols. PCR amplification was performed in a reaction mixture of 50 µL containing the 32 P labeled primer, 4 pmol of reverse primer 5'-CTCCAGAAAGCCGGCACTCAG-3', 2 µL of 25 mM MgCl 2 , 2.5 µL of 2.5 mM dNTPs The samples were subsequently lyophilized to dryness and resuspened in 5 µL of formamide loading dye (95% formamide, 20 mM EDTA, 0.05% bromophenol blue, and 0.05% cyanol blue).
Following heat denaturation for 5 min at 90 o C, the samples were loaded on a denaturing polyacrylamide (10%) gel (Sequagel, National Diagnostics, UK) containing urea (7.5 mM).
Electrophoresis was carried out for 2 hours at 1650 V (~70W, 50°C) in 1X TBE buffer. The gel was then transferred onto Whatman 3MM and dried under vacuum at 80°C for 2 h. The gel was 
Legend for Table 1
Thermal denaturation data for polyamides 2 and 3 and binding constants for 2 and 3 (as ascertained from SPR) for the sequences TA_10, GC_10 and A 3 T 3 _10 (nd: not determined). 
